ABSTRACT: Chub mackerel (34-35 cm, approximately 500 g), which were caught by fishing with a rod and line at the Bungo Channel, Oita prefecture, were rested overnight in a fish preserve and either killed by decapitation (control group) or allowed to struggle in air for 30 min (struggled group). Muscle samples were excised every 4 h, and measurements on breaking strength and histological observations were done for both groups. The breaking strength of muscle in the control group was significantly higher than that in the struggled group, whereby a decrease in breaking strength was delayed for 12 h compared to the struggled group. Light microscopy showed space extension among muscle cells in association with a decrease in breaking strength. Especially in the struggled group, the extended area was larger and the difference in area was significant at the time when breaking strength showed a significant difference. Using electron microscopy, the extended area showed cut and/or disappeared collagen fibrils. From these results, it was demonstrated that struggling to death promoted the degradation of collagen fibrils and the weakening of connective tissue and, resultantly, led to the faster softening of muscle of chub mackerel.
INTRODUCTION
Around the Bungo Channel, Oita prefecture, Japan, chub mackerel was caught by fishing with a rod and line, rested overnight in a fish preserve and were then killed individually before shipping to market. These chub mackerels have been trading at a high price in recent years, although chub mackerel generally is a low-priced fish. This may be due to careful handling, which helps in maintaining its reputation as being of high quality.
Chub mackerel is regarded as a fish that clearly shows rapid deterioration at the market because it displays extensively soft muscle. Hence, it has not been eaten raw generally and it requires cooking or preparation in vinegar before eating. However, when chub mackerel is killed individually, it has stiff muscles and can be eaten raw just like other types of fish. Mochizuki and Sato tested various killing procedures such as struggling in the air, placing into ice water and instantaneous death by decapitation, and observed that the muscle softened faster in the struggled samples compared to the instantly killed samples. 1 In general, chub mackerel is caught with fishing nets and they probably die struggling at that time. This would be the reason why the muscle appears extensively softened at the market. The same tendency also has been reported in rainbow trout, 2 yellowtail, 3 horse mackerel, 4 round scad, 1 and red sea bream. 5 Hence, other fish have the possibility of being higher in quality if the method of killing is chosen carefully.
It has been reported that a decrease in the binding forces among muscle cells caused by the degradation of collagen fibrils and the decomposition of type V collagen is the probable cause of postmortem softening of fish muscle. [6] [7] [8] [9] [10] From these reports, we suggest that the cause of rapid muscle softening in struggled chub mackerel is
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probably because the stress of struggling generated the degradation of collagen fibrils and promoted a decrease in the binding forces of the collagen fibrils among muscle cells. In the present study, to test this hypothesis, histological observations were performed in the muscle of chub mackerel that were killed using different methods, and the influence on the change in muscle structure during chilled storage is discussed.
MATERIALS AND METHODS

Samples
Chub mackerel (34-35 cm, approximately 500 g) were caught by fishing with a rod and line at the Bungo Channel, Oita prefecture, Japan, in September 1998, and then rested overnight in a fish preserve. They were either killed by decapitation (control group, three individuals) or allowed to struggle in the air for 30 min (struggled group, three individuals). The six samples were stored in a refrigerator at 5∞C for 24 h.
Measuring breaking strength
Breaking strength of muscle was measured as follows. 7 A 10 mm thick slice, which simulated a slice of sashimi, was excised vertically to the orientation of the muscle fibers at 4 h intervals after death. A cylindrical plunger (3 mm diameter) was pierced into the slice parallel to the orientation of the muscle fibers at a speed of 1 mm/s and the maximum force, as recorded by a rheometer (RT-1002A; Fudoh, Tokyo, Japan), was regarded as the breaking strength, which was expressed as the average ± SD.
Histological observations
Small blocks (1 mm ¥ 1 mm ¥ 3 mm) were excised from the dorsal muscle and were fixed in 5% glutaraldehyde (0.1 M phosphate buffer, pH 7.2) at 5∞C for more than 1 day to make the fixative penetrate into the sample sufficiently. After washing with the same buffer, the blocks were postfixed with 1% osmic acid (0.1 M phosphate buffer, pH 7.2) and then dehydrated using 50-100% ethanol substituted with propylene oxide. After embedding in epoxy resin (Epon 812; Ohken Co., Tokyo, Japan), thick sections (3 mm thick) were prepared using an ultramicrotome (MT-6000; Dupont, Wilmington, DE, USA), which were then stained with 0.1% tolu-
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745 idine blue and observed under a light microscope (BX-50; Olympus, Tokyo, Japan). Ultrathin sections (80 nm thick) were also prepared from the same blocks and stained with 1% uranyl acetate and lead citrate, and then observed under a transmission electron microscope (H-800; Hitachi, Tokyo, Japan) with an accelerating voltage of 100 kV.
Image analysis
The area of the spaces formed among muscle cells were measured with a Digitizer (Nikon, Tokyo, Japan) on the light microscopy photographs, and the area ratio of spaces to whole muscle was calculated.
Statistical analysis
Significance of difference was analyzed using t-test.
RESULTS
Changes in breaking strength
Breaking strength results are shown in Fig. 1 . The muscle of the control group, which was killed by decapitation, maintained the same strength for 12 h after death. From 12 h to 16 h after death, muscle strength decreased rapidly. The time course for changing muscle firmness had no notable difference with that of other reported fish species; muscle area (Fig. 3 ). For the control group, the ratio was less than 5% up until 12 h after death, but then increased from 2% to 16% when breaking strength decreased between 12 h and 16 h after death. In the struggled group, the ratio maintained a range of 10-15% within 12 h of storage, which was significantly higher than the control group. The ratios for the two groups were alsmot equal 16 h after storage, but after 20 h and 24 h of storage, the ratio of the control group was higher than that of the struggled group. The cause of the inversed relationship might be a result of the differences in the contraction forces of the muscle cells. In the struggled group, the ratio changed little throughout the storage period. Struggling might generate abnormal conditions and make the contraction proteins denature, resulting in the muscle being unable to generate the usual contraction forces after the complete exhaustion of ATP. In contrast, muscle of the control could generate a relatively strong force and these forces would cause the voids to become larger.
At 24 h of storage, although there was no difference in breaking strength between the two groups, there was a difference in the area of intercellular space. This may be because breaking strength did not decrease further when the binding forces weakened to a certain degree even if the binding forces weakened still further.
The change in the intercellular area corresponded well to the change in breaking strength, suggesting that killing procedure influences the intercellular binding forces and resultant muscle softening during storage.
Transmission electron microscopy
The fine structure of the intercellular area, especially on collagen fibrils, was observed by transmission electron microscope (Fig. 4) . Observations were performed on areas where cell detachment was minimal at each time interval to observe as many labile collagen fibrils as possible.
Immediately after death, collagen fibrils were seen clearly in both groups (Fig. 4a,b) . Fibrils' thickness was approximately 30 nm, which is thicker than that of sardine 10 and yellowtail. 11 After 12 h of storage (Fig. 4c,d ), there were no structural changes for both groups, but there was more conspicuous structural change observed in the struggled group and almost the entire area was destroyed as was that observed at 16 h of storage (Fig. 4f) . In the control group, the detachment of collagen fibrils from muscle fibers was observed up until 16 h after death (Fig. 4e) , whereby collagen fibrils located near muscle cells tended to disapthat is, chub mackerel is not a fish whose postmortem change is especially fast. In contrast, the breaking strength of the struggled group was significantly lower than the control group from 4 h to 12 h after death. From 16 h to 24 h after death, there was no significant difference between the two groups, and gaping (detachment of myomeres from one another) in the struggled group was observed easily to the naked eye and was unsuitable as a raw dish (data not shown).
Light microscopy
Results of light microscopy are shown in Fig. 2 . Immediately after death, almost all muscle cells were attached tightly to one another for the control (Fig. 2a) , whereas spaces among the muscle cells were observed in some places for the struggled group (Fig. 2b) . After 12 h storage, muscle in the control group did not yet show any softening and there were no spaces observed among muscle cells, except for the void of lipid cells (Fig. 2c ), but the spaces had become much larger in the muscle of the struggled group (Fig. 2d) . At 16 h after death, spaces were seen in the control group (Fig. 2e) . Because the breaking strength of muscle for the control group decreased rapidly from 12 h to 16 h after death, the extension of space among the muscle cells simultaneously might have a close relationship with muscle softening. After 24 h of storage, both groups showed large spaces among muscle cells, in which the areas were larger in the control group compared with the struggled group (Fig. 2g,h) .
As the spreading of intercellular spaces related to a decrease in the binding forces between muscle cells, these results may indicate that a decrease in intercellular binding forces occurs faster by dying from struggling in air, and is then followed by the rapid softening of muscle. However, at death of both groups of fish, the breaking strength showed no significant difference between both groups despite the differences in intercellular area. This is probably because the fixative requires more than 1 h to penetrate into the sample so that light microscopy photographs show an image that is actually more than 1 h after immersion into the fixative after struggling for 30 min. Within that 1 h, intercellular binding forces would have weakened and the muscle cells might have detached.
Changes in intercellular area
By light microscopy, changes in the intercellular area were estimated by its ratio to the whole and, finally, the cells die. In this process, the physiological condition is confused, and a drastic increase of Ca 2+ concentration or decrease of intracellular pH could be speculated, possibly resulting in the partial degradation of cell membranes. When the membrane is destroyed, lysosomal enzymes flow out and may act near the collagen fibrils. Yamashita and Konagaya reported that cathepsin L breaks down myosin and collagen in salmon muscle during spawing migration, 12 and suggested that cathepsin L is derived from phagocyte-like cells surrounding the muscle cells. 13 In the present study, the possible influence of cathepsin L located in the muscle cells cannot ruled out. In mackerel muscle, cathepsin L activity is highest in lysosmal fractions, 14 and mackerel muscle has the highest activity of cathepsins B and L of 24 fish species. 15 These reports also show the possible influence of lysosomal proteinases on the postmortem softening of muscle.
Ando et al. have reported that muscle that is not bled promotes postmortem softening. 11 In the group that struggled to death, they did not bleed and so the muscle color was blood-like. Therefore, some proteases present in blood might influence collagen fibril disintegration. In relation to this point, there are some reports on collagenolytic proteases in fish and shellfish. Kubota et al. detected gelatinolytic activity in the extracts from several organs of yellowtail. 16 Saito et al. cloned MMP-2 that was derived from the fibroblasts of rainbow trout and detected its decomposing activity on human type V collagen. 17 Yoneda et al. purified 148K collagenolytic protease from abalone muscle and suggested that it is correlated to collagen metabolism. 18 Those proteases might promote collagen degradation by confusing the regulation system in an abnormal physiological condition after death.
In the present study, gaping was observed especially in the struggled group. Bremner and Hallet reported that the cause of gaping is the degradation of fine collagen fibrils that connect myocommata to muscle cells. [19] [20] [21] As the fish were caught by trawlnet, the samples might struggle to death and hence it seems that gaping is caused by the disintegration of collagen fibrils, which is promoted by struggling. Additionally, Papa et al. reported the correlation between dystrophin degradation and gaping. 22 As a cause of collagen fibril disintegration other than protease action, the influence of pH in muscle could be speculated. Approximately half of fish muscular collagen dissolves in acidic conditions. 23 Acidic conditions destroy the schiff base and the collagen molecules that are cross-linked by schiff base are scattered. For example, the pH of lysoso-748 FISHERIES SCIENCE M Ando et al. pear and detach before that of other fibrils located in the center of the connective tissue. After 24 h of storage, almost all the collagen fibrils had disappeared for both groups (Fig. 4g,h) .
These results indicate that a decrease in intercellular binding forces as observed by the increase in intercellular space occurred as a result of the disintegration of collagen fibril; hence, faster softening in the muscle of the struggled group might be due to the promoted disintegration of collagen fibrils.
DISCUSSION
Results of the present study are in agreement with those reported by Mochizuki and Sato.
1 If chub mackerels are handled roughly postmortem change is rapid, but if the method of killing is chosen carefully deterioration could be easily delayed.
It became evident that struggling to death promoted collagen fibril disintegration. Collagen fibrils are formed from cross-linked collagen molecules. The cause of fibrile disintegration may be due to the degradation of intermolecular cross-links and/or the molecule itself. As shown by electron microscopy, fibril disintegration occurs predominantly near the muscle cells so it may be possible that some factor present in muscle cells might influence disintegration, whereby the action of proteases could be proposed. After death, the cells suffer oxygen starvation, exhaustion of energy mal fluid is reported to be 3-5; 24 hence, the pH of the fluid that flows out from the muscle cells would destroy the schiff base and make some of the collagen fibrils disappear by scattering collagen molecules.
Nakayama et al. also reported that the weakening of intercellular binding forces was promoted in instances where fish were killed by struggling in air. 5 They suggested that the promotion generated by the strong tension was caused by struggling and not by the action of proteases.
But if the intercellular binding forces decrease by the aforementioned mechanisms, why did the intercellular area extend in the histological observations? We propose that the fixative used in the present study was at a higher osmotic pressure (750 mOsm) than that of the physiological condition of the muscle (300 mOsm). During fixation, intracellular fluid flowed out and the muscle cells shrank. The connective tissue among the muscle cells might have retracted from both sides and the resulting weakened points could not resist the strength, finally breaking. This would also explain why the collagen fibrils remained in the center of the extended intercellular area when observed by transmission electron microscopy. This method has a high rate of reproducibility only if the same fixative is used, and the results are highly reliable.
The cause of the fast disintegration of collagen fibrils in the struggled group needs further detailed research. However, considering the results of the present study, it is clear that chub mackerel does not deteriorate as rapidly as is popularly believed and that careful handling or a more appropriate method of killing would improve the quality of this type of fish, as well as for other types.
